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INTRODUCTION 

When c r i t i c a l - f l o w  nozz les  are used f o r  meter ing t h e  mass 
flow rate of n a t u r a l  gas ,  t h e  i s e n t r o p i c  flow equat ions  f o r  a 
p e r f e c t  gas  do not  apply.  
which t h e  t h r o a t  v e l o c i t y  equals  t h e  l o c a l  speed of sound. It 
has  a l s o  been c a l l e d  a sonic-flow nozz le  o r  a choked nozz le . )  
I n  t h i s  paper ,  a p e r f e c t  gas  is  def ined  as one having an  in-  
v a r i e n t  s p e c i f i c  h e a t  and a compress ib i l i t y  f a c t o r  of un i ty .  
A p e r f e c t  gas  is  t o  be d i s t ingu i shed  from an  i d e a l  gas ,  which 
has  a temperature-dependent s p e c i f i c  h e a t  and u n i t y  compressi- 
b i l i t y  f a c t o r .  A nonper fec t  gas  i s  a real gas .  I n  t h e  absence 
of d i s s o c i a t i o n ,  a l l  rea l  gases  approach t h e  ideal-gas  condi t ior ,  
as t h e  p r e s s u r e  i s  reduced, The assumption t h a t  t h e  gas  is  per- 
fecE is s u f f i c i e n t l y  a c c u r a t e  f o r  computing t h e  flow of such 
gases  as a i r  and n i t r o g e n  a t  atmospheric p re s su re  and room tem-  
p e r a t u r e ,  However, n a t u r a l  gas  cannot be  considered p e r f e c t  
even a t  p r e s s u r e s  less than  atmospheric ,  s i n c e  n a t u r a l  gas  has  
an apprec i ab le  spec i f i c -hea t  v a r i a t i o n  w i t h  temperature .  That 
i s ,  under t h i s  cond i t ion ,  n a t u r a l  gas  can be considered i d e a l ,  
b u t  no t  p e r f e c t .  A t  h ighe r  p r e s s u r e s ,  t h e  compress ib i l i t y  f a c t o r  
v a r i a t i o n  a l s o  becomes important .  

(A c r i t i c a l - f l o w  nozz le  i s  one i n  

A number of methods have been used t o  c a l c u l a t e  t h e  i sen-  
t r o p i c  mass flow rate of nonper fec t  gases .  One of t h e s e  methods 
i s  t h a t  used i n  r e fe rence  1. I n  t h i s  r e fe rence ,  an i s e n t r o p i c  
exponent i s  c a l c u l a t e d ,  and t h i s  i s  then  used i n  t h e  convent ional  
i sen t ropic- f low equat ions  t o  c a l c u l a t e  t h e  flow rates of real 
gases .  Reference 2 ,  us ing t h e  t abu la t ed  d a t a  of r e fe rence  3 ,  
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presents tables of compressible-flow functions for the one- 
dimensional flow of air. Reference 4 ,  using the data of refer- 
ence 3 ,  presents tables of a critical-flow factor for air, nitro- 
gen, oxygen, normal hydrogen, parahydrogen, and steam that permit 
the calculation of the isentropic mass flow rate of these gases 
through critical flow nozzles. Reference 5 presents the critical- 
flow factor for nitrogen and helium, and, in addition, describes 
a computer routine for making these real gas computations. In 
reference 6, a method for calculating both the mass flow rate and 
the upstream volume flow rate of natural gas through critical- 
flow nozzles is given. This method requires knowledge of the up- 
stream pressure, temperature, and composition of the natural gas. 

In this paper, the results of reference 6 are presented, and, 
in addition, data for methane are presented which are more accur- 
ate than the data in reference 6. These new data are calculated 
from a state equation given in reference 7. This state equation 
represents recent methane data and is probably as accurate a rep- 
resentation of the pressure-density-temperature behavior of meth- 
ane as is presently available. The calculated results in this 
paper cover a temperature range of 250 to 390 K (450 to 700 R) 
and pressures up to 6 9 ~ 1 0 ~  N/m2 (1000 psia). 

This paper will consider only isentropic flow. Actual devi- 
ations from isentropic conditions presumably would be embodied in 
a nozzle discharge coefficient that would be expressible as a 
function of Reynolds number. 

SYMBOLS 

A area 
a speed of sound 
a constant in equation (17) 

constant in equation (18) a 

constant in equation (17) b 

constant in equation (18) 
discharge coefficient 

C 

Z 
C 

bZ 
cD 
C specific heat at constant volume 

C* critical flow factor defined in equation (10) 
V 

f composition 

H enthalpy 

integration 

integration 
KH 
KS 

factor defined in equation (16) 

constant in equation (5) 
constant in equation (6) 
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M molecular  weight 

6 mass flow ra te  

P p re s su re  

R gas  cons tan t  

R gas  cons tan t  f o r  c a l c u l a t i n g  mass flow ra te  (eq. 1 4 )  m 
gas  cons tan t  f o r  c a l c u l a t i n g  volume flow rate (eq,  15) 

en t ropy  S 

T temperature  

i volume f low r a t e  

V v e l o c i t y  

X mole f r a c t i o n  of component i n  a n a t u r a l  gas mixture  

Z compress ib i l i t y  f a c t o r  

B r a t i o  of nozz le  t h r o a t  diameter  t o  i n s i d e  p ipe  diameter 

Y s p e c i f i c  h e a t  r a t i o  

P d e n s i t y  

Subsc r ip t s  : 

0 r e f e r s  t o  plenum s t a t i o n  

1 r e f e r s  t o  nozz le  t h r o a t  s t a t i o n  

P r e f e r s  t o  a per fec t -gas  cond i t ion  

i r e f e r s  t o  an  ideal-gas  cond i t ion  

Rv 

ANALYSIS 

The condi t ions  assumed i n  t h i s  a n a l y s i s  are as fol lows:  The 
gas  i s  a t  rest i n  a plenum and accelerates one-dimensionally and 
i s e n t r o p i c a l l y  t o  t h e  t h r o a t  of a nozz le ,  where i t s  speed i s  
son ic ,  The measured q u a n t i t i e s  are t h e  plenum pres su re  and t e m -  
pe ra tu re .  The gas  is  assumed t o  be n e i t h e r  p e r f e c t  nor  i d e a l  and 
i t s  s ta te  equat ion  i s  given by: 

p = ZpRT (1) 

where Z i s  t h e  compress ib i l i t y  f a c t o r  and is  a func t ion  of den- 
s i t y  and temperature .  The assumption t h a t  t h e  flow i s  one- 
dimensional and starts from rest i s  represented  by 

- 3  I L  H = H  4- 0 1 T V 1  
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The assumpti0.n t h a t  t h e  flow is  i s e n t r o p i c  is  r ep resen ted  by 

and t h e  f a c t  t h a t  

I n  order  t o  so lve  
express  en tha lpy ,  

t h e  flow is  s o n i c  i s  represented  by 

v1 = al ( 4 )  

equat ions  (1) through ( 4 ) ,  i t  i s  necessary  t o  
en t ropy ,  and t h e  speed of sound i n  terms of 

d e n s i t y  and temperature.  The express ions  f o r  en tha lpy  and en- 
t ropy  as developed i n  r e fe rence  8 can be  expressed as 

KH and KS are cons t an t s  of i n t e g r a t i o n  f o r  t h e  i n d e f i n i t e  t e m -  
' a tu re  i n t e g r a l s  i n  equat ions  (5) and ( 6 ) .  A s  f a r  as equat ions  

and (3 )  are concerned, t h e  va lues  chosen f o r  t h e s e  cons t an t s  
are immaterial, because they  cance l  ou t  from bo th  s i d e s  of t h e  
equat ions .  The express ion  f o r  t h e  speed of sound, a l s o  d e r i v a b l e  
from re fe rence  8, 

where 

By s u b s t i t u t i n g  equat ions  (5) through (8) i n  equat ions  ( 2 )  through 
( 4 ) ,  t h e  r e s u l t i n g  equat ions  are i n  terms of dens i ty  and tempera- 
t u r e .  Since t h e s e  equat ions  involve  plenum d e n s i t y  and temperature  
r a t h e r  than  t h e  measured plenum p r e s s u r e  and temperature ,  equa- 
t i o n  (1) has  t o  be  so lved  f o r  plenum d e n s i t y .  The d e n s i t y  and 
temperature  equ iva len t s  of equat ions  (2)  through (5) are then  
so lved  f o r  nozz le  t h r o a t  d e n s i t y ,  temperature ,  and v e l o c i t y .  The 
computational procedures  f o r  t h e s e  s o l u t i o n s  along wi th  t h e  asso- 
c i a t e d  computer program are documented i n  r e fe rence  9.  A t  t h i s  
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p o i n t ,  t h e  mass flow ra te  of n a t u r a l  gas through a c r i t i c a l - f l o w  
nozz le  of t h r o a t  area, A19 can be c a l c u l a t e d  as fol lows 

I n  t h i s  equat ion ,  t h e  d ischarge  c o e f f i c i e n t ,  CD, mainly repre- 
s e n t s  t h e  e f f e c t s  of t h e  non i sen t rop ic  and non-one-dimensional 
f low i n  t h e  boundary l a y e r  of t h e  nozz le .  
mined by a nozz le  c a l i b r a t i o n  and is  p l o t t e d  as a f u n c t i o n  of 
Reynolds number. Typical  va lues  of CD are between 0.96 and 
1 . 0  . I n  t h e s e  c a l c u l a t i o n s ,  two equat ions  are used t o  d e s c r i b e  
t h e  behavior  of n a t u r a l  gas .  One i s  t h e  s t a t e  equat ion ,  (eq.  (1)) 
and t h e  o t h e r  desc r ibes  t h e  ideal-gas  s p e c i f i c  h e a t .  These equa- 
t i o n s  are d iscussed  next .  

CD i s  u s u a l l y  de t e r -  

State equat ion .  Since n a t u r a l  gas is  a mixture  of many 
gases ,  i t  is d e s i r a b l e  t o  choose a s t a t e  equat ion  such t h a t  t h e  
va lues  of i t s  c o e f f i c i e n t s  f o r  a gas  mixture  can be determined 
from t h e  c o e f f i c i e n t s  f o r  t h e  i n d i v i d u a l  components of t h e  gas  
mixture .  Such an equat ion i s  t h a t  developed by Benedict ,  Webb, 
and Rubin i n  r e fe rences  10 and 11. 
and t h e  va lues  of t h e  c o e f f i c i e n t s  used f o r  t he  c a l c u l a t i o n s  i n  
t h i s  paper are given i n  r e fe rence  9. 

The form of t h i s  equat ion  

Ideal-gas  s p e c i f i c  h e a t .  This  i s  descr ibed  by a power ser- 
ies i n  temperature ,  The d a t a  S O I I T C ~ S  and t h e  power series coef- 
f i c i e n t s  f o r  t h e  n a t u r a l  gas  components are given i n  r e fe rence  9. 

RESULTS AND DISCUSSION 

The r e s u l t s  of t hese  c a l c u l a t i o n s  are presented  i n  terms of 
a dimensionless  c r i t i c a l - f l o w  f a c t o r  which i s  def ined as fol lows:  

PO 

I f  t h e  gas  were p e r f e c t ,  t h e  express ion  f o r  t he  c r i t i c a l - f l o w  
f a c t o r  would be cons t an t ,  would only  involve  t h e  spec i f i c -hea t  
r a t i o ,  and would be g iven  by: 
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I n  terms of t h e  c r i t i c a l - f l o w  f a c t o r ,  t h e  a c t u a l  m a s s  f low rate 
of a gas  through a c r i t i c a l - f l o w  nozz le  i s  given by 

The upstream volume flow ra te  i s  then  g iven  by 

The s p e c i f i c  gas  cons tan t  i n  equat ion  (12) i s  

48 03 R =-  
m M 

where M i s  t h e  molecular weight ,  i n  o rde r  t o  g ive  Ih i n  pounds 
pe r  second p i s  i n  p s i a ,  A 1  i s  i n  square  inches ,  and To i s  
i n  degrees  Rankine. 0 

The s p e c i f i c  gas cons tan t  f o r  equat ion  (13) is  

2 398 
% = M  

i n  order  t o  g ive  Vo i n  cubic  f e e t  pe r  second, t h e  u n i t s  of A1 
and To are t h e  same as those  i n  equat ion  (12) .  

i ng  16 and VO are t h e  upstream plenum ( s t agna t ion )  p r e s s u r e  
and temperature .  I n  a t y p i c a l  i n s t a l l a t i o n ,  t h e  c r i t i c a l - f l o w  
nozz le  is  i n s t a l l e d  i n  a p ipe ,  and t h e  measured p r e s s u r e  i s  t h e  
s t a t i c  p res su re  t h a t  ex is t s  a t  an  upstream p ipe  tap .  I n  o rde r  
t h a t  rR ca lcu la t ed  from t h i s  measured p res su re  s h a l l  approxi-  
mate t h e  rK ca lcu la t ed  from t h e  upstream s t a g n a t i o n  p res su re ,  
t h e  r a t i o  of t h e  nozz le  t h r o a t  diameter  t o  t h e  upstream, in-  
s i d e  p ipe  diameter  should be s m a l l .  To achieve an e r r o r  of less 
than  0 . 1  pe rcen t  i n  IK, B should be less than  0.25. The e r r o r  

c a t i o n ,  recommends t h a t  B should not  exceed 0.25. 

I n  equatgons (12)  and (13), t h e  q u a n t i t i e s  used i n  determin- 

i s  on t h e  o rde r  of 0 .2  B 4 B. T ,  2 x ' ? h r g ,  i n  a p r i v a t e  communi- 

I f  a c r i t i c a l - f l o w  meter i s  used t o  prove a volumetr ic  f low 
m e t e r  such as a t u r b i n e  meter, equat ion  (13) should be used wi th  
cau t ion ,  This  equat ion  only a p p l i e s  !-f t h e  volumetr ic  flow meter 
i s  upstream of t h e  c r i t i c a l  f low meter, and i f  t h e  p r e s s u r e  drop 
between t h e  meters i s  n e g l i g i b l y  small. I f  t h i s  i s  no t  t r u e ,  Ih 
must be c a l c u l a t e d  from equat ion  (12) ,  and t h e  d e n s i t y  of t h e  gas  
flowing through t h e  volumetr ic  meter determined s e p a r a t e l y .  By 
measuring the  p re s su re  and t h e  temperature  of t h e  gas a t  t h e  
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volumetr ic  meter l o c a t i o n ,  t h i s  d e n s i t y  can be c a l c u l a t e d  through 
t h e  u s e  of a state equat ion  ( e q ,  (l)), I n  measuring t h e  tempera- 
t u r e ,  care should be taken t h a t  t h i s  temperature  w i l l  y i e l d  t h e  
average gas  dens i ty .  This  is  easy t o  do i f  t h e  p ipe  w a l l  and t h e  
gas  flowing through t h e  p ipe  are a t  the  same temperature ,  which 
can be  achieved i f  t h e  p ipe  i s  i n s u l a t e d ,  and i f  t i m e  i s  taken t o  
a l low t h e  flowing gas  and t h e  p ipe  t o  come t o  thermal equi l ibr ium.  
S t a t i c  p re s su re  is u s u a l l y  adequate ly  cons t an t  over t h e  p ipe  c r o s s  
s e c t i o n ,  i f  t h e r e  i s  adequate  l eng th  of s t r a i g h t  p ipe  upstream. 

The c r i t i c a l - f l o w  f a c t o r  w a s  c a l c u l a t e d  f o r  methane and 1 9  
na tura l -gas  compositions.  These compositions were determined from 
na tura l -gas  samples taken from p i p e l i n e s  throughout t h e  country.  
The d a t a  were suppl ied  i n  a p r i v a t e  communication from M r .  Harry 
Schroyer of American Meter Company. The range of composition of 
t h e s e  gases  is  given i n  Table 1. Any a lkane  i n  t h e  n a t u r a l  gas  
having more than  4 carbon atom w a s  ignored.  The amount ignored 
w a s  always less than  0.4 percen t  by volume; i n  most ca ses ,  i t  w a s  
about 0.1 pe rcen t .  

F igures  1 and 2 p re sen t  t h e  c r i t i c a l - f l o w  f a c t o r  f o r  two 
t y p i c a l  na tura l -gas  compositions.  The d o t t e d  p o r t i o n  of t h e  450 R 
curve on f i g u r e  2 r e p r e s e n t s  a reg ion  i n  t h e  c a l c u l a t i o n  where 
t h e  p a r t i a l  p re s su re  of one of t he  components i s  above t h e  s a t u r -  
a t i o n  p res su re  of t h a t  component. It is  observed t h a t  i n  t h e  

l i m i t  of zero p re s su re ,  a 1- percent  v a r i a t i o n  i n  t h e  c r i t i c a l -  

f low f a c t o r  e x i s t s  over t h e  temperature  range covered. This  i s  
due t o  t h e  v a r i a t i o n  of t h e  ideal-gas  s p e c i f i c  hea t  w i t h  temper- 
a t u r e .  A t  a f i x e d  temperature ,  t h e  v a r i a t i o n  of t he  c r i t i ca l -  
f low f a c t o r  due t o  p re s su re  is  as much as 20 percent  f o r  t h e  
p re s su re  range 0 t o  1000 p s i .  

1 
2 

Since t h e  g raph ica l  p r e s e n t a t i o n  of t h e  d a t a  f o r  a l l  1 9  
na tura l -gas  mixtures  would make t h i s  paper  excess ive ly  long ,  a 
compact method of p re sen t ing  t h e s e  d a t a  would be d e s i r a b l e ,  A 
method w a s  found t h a t  involves  a composition f a c t o r ,  f. For 
methane and t h e  1 9  na tura l -gas  mix tu res ,  both t h e  c r i t i c a l - f l o w  
f a c t o r  and t h e  square  r o o t  of t h e  compress ib i l i t y  f a c t o r  a r e  l i n e a r  
func t ions  of f ,  This  f a c t o r  i s  def ined  as fo l lows:  

(16) 
1 

f =  XC2H6 'C02 - 5 s2 4- 2XC3H8 + 3XC4H10 

where X r e p r e s e n t s  t he  mole f r a c t i o n  of t he  component whose 
chen ica l  symbol appears  as a s u b s c r i p t  on t h e  X. The accuracy 
of t h e  c r i t i c a l - f l o w  f a c t o r  i s  iEproved i f  t h e  c o r r e l a t i o n  i s  i n  
terms of t h e  product  of t he  c r i t i c a l - f l o w  f a c t o r  and t h e  square  
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r o o t  of t h e  compress ib i l i t y  f a c t o r  r a t h e r  than  of t he  cr i t ical-  
flow f a c t o r  a lone .  This  c o r r e l a t i o n  is  as fo l lows:  

C 
C* 6 = acf + b 

where a, and bc are func t ions  of plenum pres su re  and temper- 
a t u r e  and are determined by means of a least square  f i t  of t h e  
d a t a  c a l c u l a t e d  f o r  methane and t h e  19 na tura l -gas  mixtures .  
va lues  of a, and bc are l i s t e d  i n  Tables  2 and 3. I n  equa- 
t i o n  ( 1 7 ) ,  bc 
acf r e p r e s e n t s  the  con t r ibu t ion  of t h e  o t h e r  components. (For 
a per fec t -gas  mixture  wi th  y = 4 / 3 ,  t h e  va lue  of  bc would be  
0.6732 and t h e  va lue  of a, would be 0 . )  

The 

r e p r e s e n t s  t he  c o n t r i b u t i o n  of t he  methane and 

The c o e f f i c i e n t s  in equat ion  (16) and t h e  form of t h e  equa- 
t i o n  are e n t i r e l y  empir ica l .  They r e s u l t  from an i n t u i t i o n  re- 
gard ing  t h e  c o n t r i b u t i o n s  of t h e  v a r i o u s  components and from sev- 
eral  t r i a l - and-e r ro r  assumptions of numerical  va lues  of t h e  coef- 
f i c i e n t s ,  The va lues  of C* 6 c a l c u l a t e d  by equat ion  (17) 

agree  wi th  t h e  va lues  of C" &$ used t o  compute a, and b, 
t o  w i t h i n  0 . 1  percent .  

I n  a similar manner, t h e  square  r o o t  of t h e  compress ib i l i t y  
f a c t o r  can be represented  by 

where aZ and bZ are func t ions  of p re s su re  and temperature  and 
are obta ined  from a least  squares  f i t  of t h e  d a t a  c a l c u l a t e d  f o r  
methane and the  1 9  na tura l -gas  mixtures ,  The va lues  of aZ and 
bZ are l i s t e d  i n  Tables  4 and 5. The va lues  of @ c a l c u l a t e d  
by equat ion  (18) agree  wi th  the  va lues  c a l c u l a t e d  by t h e  Benedict- 
Webb-Rubin state equat ion  t o  b e t t e r  than  0.5 percent .  
t h e  cases, t h e  agreement i s  b e t t e r  than  0 . 1  percent .  

I n  most of 

I n  terms of t h e  f a c t o r s  involved i n  equat ions  (17)  and (18), 
t h e  express ions  f o r  t h e  mass flow rate and volume flow rate 
become : 

(acf + bc) 
& = C A  D 1 (aZf + bz) e 

and 

= C A (a  f + b ) ( aZf  + b ) 4% 0 D 1  c C Z 
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Since t h e  c o e f f i c i e n t s ,  ac, bc,  a Z s  and 
t i o n s  are determined by curve f i t t i n g  c a l c u l a t e d  d a t a ,  t h e  follow- 
ing  p recau t ions  should be observed i n  t h e  use  of t hese  equat ions .  

bZ used i n  t h e s e  equa- 

1, The mole f r a c t i o n s  of t h e  na tura l -gas  components should 
l i e  w i t h i n  t h e  range ind ica t ed  i n  t a b l e  1. 

2 ,  The composition f a c t o r  f should be  less than  0'.18, 
which i s  the  maximum va lue  of f c a l c u l a t e d  f o r  any of  t h e  1 9  
n a t u r a l  gases .  

I n  r e f e r e n c e  6 ,  M r .  Hi lding Beck, who is  one of t h e  discus-  
s o r s  i n  t h i s  r e f e r e n c e ,  p re sen t s  a s i m p l i f i e d  method of ca lcu la-  
t i n g  GI and Vo t h a t  i s  s u i t a b l e  f o r  f i e l d  use.  Th i s  method, 
which uses  t h e  d a t a  of r e fe rence  6 ,  i s  u s e f u l  f o r  p re s su res  t o  
400 p s i a ,  and f o r  temperatures  from 500 t o  560 R. 

Although fi and fJ as c a l c u l a t e d  by equat ions  (19) and 
(2)  are more accu ra t e  than  i f  they  were c a l c u l a t e d  us ing  t h e  as- 
sumption t h a t  n a t u r a l  gas  w a s  p e r f e c t ,  e r r o r s  are s t i l l  p resen t .  
The p r i n c i p l e  sources  of t h e s e  e r r o r s  are inaccurac i e s  i n  t h e  
Benedict-Webb-Rubin s ta te  equat ion.  Recent ly?  Vennix and 
Kobayashi, i n  r e fe rence  7 ,  p resented  a s ta te  equat ion  f o r  methane 
t h a t  i s  probably accu ra t e  t o  b e t t e r  than  0.1 percent  over  t h e  
range of p re s su res  and temperatures  covered i n  t h i s  paper .  I n  
t a b l e s  6 and 7 t h e  va lues  of both t h e  c r i t i c a l - f l o w  f a c t o r  and 
compress ib i l i t y  f a c t o r  as c a l c u l a t e d  by t h i s  equat ion  are pre- 
sen ted .  The d e t a i l s  of t h e s e  c a l c u l a t i o n s  are beyond t h e  scope 
of t h i s  paper.  I n  t a b l e  8 ,  t h e  va lues  of C" and ZO f o r  meth- 
ane ,  as c a l c u l a t e d  by us ing  equat ions  (17)  and (18) ,  are compared 
w i t h  the  va lues  of C" and ZO as t abu la t ed  i n  t a b l e s  6 and 7 .  
It is  seen  t h a t  d i f f e r e n c e s  of up t o  1 percent  occur i n  both C" 
and Z o .  Over most of t h e  range,  t h e  d i f f e r e n c e s  are on t h e  
o r d e r  of 1J4  pe rcen t .  It should be poin ted  ou t  t h a t  wh i l e  t h e s e  
d i f f e r e n c e s  do not  e x a c t l y  apply  f o r  na tura l -gas  mixtures ,  they  
should apply approximately,  s i n c e  methane i s  t h e  p r i n c i p a l  com- 
ponent of n a t u r a l  gas.  

SUMMARY 

Equat ions f o r  t h e  mass flow ra te  of methane and n ine teen  
na tura l -gas  mixtures  through c r i t i c a l  f low nozz les  have been es- 
t a b l i s h e d ?  inc luding  rea l -gas  e f f e c t s .  For t h e s e  c a l c u l a t i o n s ,  
t h e  Benedict-Webb-Rubin s ta te  equat ion  w a s  used. The d a t a  are 
p resen ted  i n  such a manner, t h a t  t h e  mass flow rate can be de- 
termined f o r  most n a t u r a l  gases  whose composition is  known. I n  
a d d i t i o n  t o  t h e  methane c a l c u l a t i o n s  based on t h e  Benedict-Webb- 
Rubin s ta te  equa t ions ,  methane c a l c u l a t i o n s  based on a r e c e n t  



10 

and more accurate state equation are presented. In all cases, 
the calculations are for pressures to 69x105 N/m2 (1000 psia) 
and temperatures from 250 to 390 K (450 to 700 R).  

TABLE 1, - COMPOSITION RANGE OF 19 NATURAL GASES 

Gas Mole Fraction 

Methane 0.840-0.967 
Ethane 0.003-0.110 
Propane Trace-0.020 
2-Methyl propane Trace-0.004 
Butane Trace-0.004 

Carbon dioxide Trace-0.017 
Nitrogen 0.001-0.023 
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plenum 
temperature, 

6% 
~. 

450 
460 
470 
480 
490 

500 
5 10 
520 
5 30 
540 

550 
560 
570 
5 q O  
590 

600 
610 
620 
630 
6 40 

650 
660 
670 
6 8 0  
690 

700 

plemm 

de6 R 
-+=e, 

450 
460 
470 
4 RO 
490 

500 
5 10 
520 
530 
540 

550 
5 60 
570 
580 
Ti90 

600 
61@ 
620 
6 30 
h40 

650 
660 
673 
6x0  
690 

0 

-0.0265 
-0.0272 

-0.0285 
-0.0292 

-0,0238 
-0 - 0 304 
-0.0 3 10 

-0.0279 

-0.0315 
-0.0321 

-0.0326 
-0.0331 
-0.0335 
-0.0340 
-0.0344 

-0.0348 
-0.0351 
-0.0354 
-0.0357 
-0.0360 

-0.0362 
-0.0363 
-0.0365 
-0.0366 
-0.0367 

-0.0 367 

0 

0.6719 
0.b717 
0.6714 
0.6712 
0.6709 

0.6707 
0.6704 
0.6701 
0.6698 
0.6694 

0.6691 
0.6687 
0.6684 
0.6680 
0.6676 

0.6672 
O.6668 
0.6663 
0.6657 
0.6655 

0.6650 
0.6646 
0.6641 
0.h637 
0.6632 

700 O.hh77 

, 
100 

-0.0797 
-0 .0302 
-0.0308 
-0.0313 
-0.0318 

-0.0324 
-.O - 03 2 9 
-0.0333 
-0.0338 
-0.0343 

-0.0347 
-0.0351 
-0.0355 
-0.0359 
-0.0362 

-0.0366 
-0.0368 
-0 -03 71 
-0.0373 
-0.0375 

-0.0377 
-0.037R 
-0.0379 
-0.0380 
-0-0380 

-0.03RO 

100 

0.6715 
0.6714 
0.6712 
0.6710 
0.6708 

0.6706 
0.6703 
0.6701 
0.6698 
0.6695 

0.6692 
0.6689 
0.6685 
0.6681 
0.6678 

0.6674 
0.6670 
0.6666 
0.6662 
0.6657 

0.6653 
0.6649 
0.6644 
0.6640 
0.6635 

0.66~1 

200 

-0.0330 
-0.0334 
-0.03311 
-0.0342 
-0.0346 

-0.0350 
-0.0353 
-0.0357 
-0.0361 
-0.0365 

-0.0368 
-0.0371 
-0.0375 
-0.0378 
-0.0380 

-0.0383 
-0.0385 
-0.0387 
-0.0389 
-0.0390 

-0.0392 
-0.0392 
-0.0393 

-0.0393 

-0.0392 

-a.o393 

200 

0.6713 
0.6712 
0.6711 
0.6710 
0.6708 

0.6706 
0.6704 
0.6702 
0.6699 
0.6697 

0.6694 
0.6691 
0.6687 
0.6684 
0.6680 

0.6677 
0.6673 
0.6669 

0.6661 

0.6656 
0.6652 
0.664R 
0.6643 

0.6665 

0.6639 

0.6635 

Table 2 - 
Value of ac 

. - - .. -- ~ 

menum pressure, paia I 
300 400 

-0.0365 -0.0399 
-0.0366 -0.0398 
-0.0368 -0.0398 
-0.03Fl -0.039R 
-0.0373 -0.0399 

-0.0375 -0.0400 
-0.0378 -0.0401 
-0.0380 -0.0407 
-0.0383 -0.0404 
-0.0386 -0.0406 

-0.0388 -0.0407 
-0.0391 -0.0409 
-0.0393 -0.0411 
-0.0396 -0.0411 
-0.039R -0.0414 

-0.0400 -0.0415 
-0.0401 -0.0416 
-0.0403 -0.0417 

-0.0405 -0.0418 

-0.0406 -0.0418 

-0.0406 -0.041R 
-0.0406 -0.0417 
-0.0405 -0.0416 

-0.0404 -0.0415 

-0.0404 -0.0418 

-0.0406 -0.0418 

Table 3 

Value of bc 

.. 

500 

-0.04 30 
-0.0426 
-0.0424 
-0.0423 
-0.0422 

-0.0422 
- 0 - 0422 
-0.0422 
-0.0423 
-0.0424 

-0.0425 
-0.0426 
-0.0427 
-0.0428 
-0.047R 

-0.0429 

-0.0430 
-0.0430 
-0.0430 

- 0.0430 
-0.0430 
-0.0429 
-0.0428 
-0.0427 

-0.0425 

-0.0430 

3 OC 

0.6712 
0.6712 
0.6711 
0.6711 
0.6709 

0.6708‘ 
0.6706 
0.6704 
0.6702 
0.6700 

0.6697 
0.6694 
0.6691 
0.66811 
0.6684 

0.6681 
0.6677 
0.6673 
0.6669 
0.6665 

0.6661 
’ 0.6657 
0.6652 
0.664R 
0.6644 

0.6639 

400 

0.6713 
0.6713 
0.6714 
0.6713 
0,6712 

0.6711 
0.6710 
0.6708 
0.6706 
0.6704 

0.6701 
0.6699 
0.6b96 
0.6692 
0.6689 

0.6686 
0.6682 
0.6678 
0.6674 
0.6670 

0.6666 
0.6662 
0.6658 
0.6653 
0.6649 

0.6644 

500 

0.6717 
0.6717 
0.6718 
0.6718 
0.6717 

0.6716 
0.6715 

0.6712 
0.6709 

0.6707 
0.6704 
0.6701 
0.6698 
9.6695 

0.6692 
0.668R 
0.6684 
0.6680 
0.6676 

0.6672 
0.6668 
0.6664 
0.6659 
0.6655 

0.6651 

0.6714 

600 

-0.0452 
-0.0448 
-0.0445 
-0.0442 
-0.0441 

-0.0440 
-0.0439 
-0.0439 
-0.0439 
-0.0439 

-0.0439 
-0.0440 
-0.0440 
-0.0441 
-0.0441 

-0.0441 

-0.0442 
-0- 0442 
-0.0441 

-0.0441 
-0.0440 
-0.0439 
-0,0437 
-0.0436 

-0.0434 

-0.0442 

600 

0.6723 
0.6724 
0.6725 
0.6725 
0.6724 

0.6723 
0.6722 
0.6721 
0.6719 
0.6717 

0.6714 
0.6712 
0.6709 
0.6706 
0.6702 

0.6697 
0.6695 
0.6691 
0.6687 
0.6683 

0.6679 
0.6675 
0.6671 
0.6666 
0.6662 

0.6657 

700 

-0.0458 
-0.0457 
-0.0455 
-0-0453 
-0.0452 

-0.0451 
-0.0451 
-0.0450 
-0 - 0450 
-0.0450 

-0.0450 
-0.0451 
-0.0451 
-0.0451 
-0.0451 

-0.0451 
-0 - 045 1 
-0.045 1 
-0.0451 
-0-0450 

-0.0449 
-0.0448 
-0.0447 
-0.0445 
-0.0443 

-0.0441 

700 

0.6733 
0.6734 
0.6134 
0.6734 
0.6734 

0.6733 
0.b731 
0.6730 
0.6728 
0.6726 

0.6723 
0.6720 
0.6717 
0.6714 
0.6711 

0,6707 
0.6703 
0.6699 
0.6695 
0.6691 

0.6687 

0.6678 
0.6674 
0.6669 

0.6665 

0.6683 

I 
d 

800 

-0.0435 
-0.0443 
-0.0448 
-0.0451 
-0 I 0452 

-0.0454 
-0.0455 
-0.0455 
-0.0456 
-0.0456 

-0.0457 
-0.0458 
-0.0458 
-0.0458 
-0.0459 

-0.0459 
-0.0459 
-0.0458 
-0.0458 
-0.0457 

-0.0456 
-0.0455 
-0.0453 
-0.0452 
-0.0450 

-0.0447 

800 

0.6747 
0.6748 
0.6747 
0.6747 
0.6746 

0.6745 
0.6743 
0-6741 
0.6739 
0.6736 

0.6734 
0.6731 
0. 6727 
0.6724 
0.6720 

0.6717 
0.6713 
0.6709 
0.6705 
0.6700 

0.6696 
0.6691 
0.6687 
0.6682 
0.6678 

0.6173 

900 

-0-0361 
-0,0394 
-0.0414 
-0.0428 
-0.0437 

-0.0543 
-0.0448 
-0.0451 
-0.0454 
-0.0456 

-0.0458 
-0.0459 
-0.0461‘ 
-0.0462 
-0.0462 

-0.0413 
-0.0463 
-0.0463 
-0.0462 
-0.0462 

-0.0461 
-0.0460 
-0.0458 
-0.0456 
-0.0454 

-0.0452 

900 

0.6767 
0.6766 
0.6764 
0.6163 
0.6761 

0.6159 
0.6757 
0.6755 
0.6752 
0.6749 

0.6746 
0.6743 
0.6739 
0.6735 
0.6732 

0.6728 
0.6723 
0.6719 
0.6715 
0.6710 

0,6706 
0.6701 
0.6696 
0.6692 
0.6687 

0.6682 

L 

1000 

-0.0206 -0.0290 

-0.0343 
-0.0376 
-0.0399 

-0.0416 
-0.0427 
-0.0436 
-0,0443 
-0.0448 

-0.0452 
-0.0455 
-0.0458 -0-0460 

-0.0462 

-0.0463 
-0.0464 
-0.0464 
-0*0564 
-0.0464 

-0.0463 
-0.0462 
-0.0461 
-0.0459 
-0.0457 

-0,0455 

1 

-- . 

1000 

0.6791 
0.6789 
0.6186 
0.6783 
0.6180 

0. b777 
0.6174 
0.6171 
0.6767 
0.6764 

0.6760 
0.6756 
0.6753 
0.6748 
0.6744 

0.b740 
O,b735 
0.6731 
0.612b 
0.6721 

0.6717 
0.6112 
0.b707 
0.6702 
0.6697 

0.6692 



Plenum 
temperature, 

deg R 

450 
460 
470 
480 
490 

500 
510 
520 
530 
540 

550 
560 
5 70 
580 
590 

600 
610 
620 
630 
640 

650 
660 
670 
680 
690 

700 

Plenum 
temperature, 

deg R 

450 
460 
470 
480 
490 

500 
510 
520 
5 30 
540 

550 
5 60 
570 
5 80 
590 

6 00 
6 10 
620 
630 
640 

650 
660 
670 
680 
690 

700 

0 

0 .  
0. 
0 .  
0 .  
0 .  

0 .  
0 .  
0 .  
0 ,  
0 .  

0. 
0 .  
0.  
0.  
0 .  

0. 
0 .  
0 .  
0 .  
0.  

0. 
0 ,  
0 .  
0.  
0.  

0 .  

0 

1.0000 
1.0000 
1.0000 
1 .oooo 
1.0000 

1.0000 
1.0000 
1.0000 
1.0000 
I .  oc.00 

1.0000 
1.0000 
1.0000 
1.0000 
1.ocoo 
1.0000 
1.ocoo 
1.0000 
1.0000 
1.0000 

1-.0000 
1.0000 
1.0000 
1.0000 
1.0000 

1.0000 

100 

-0.0252 
-0.0234 
-0.0218 
-0 -0203 
-0 e0190 

-0-  01 78 
-0.0166 
-0.0156 
-0.0147 
-0.0138 

-0.0130 
-0.0123 
-0.01 16 
-0.0110 
-0.0104 

-0.0099 
-0.0094 
-0.0089 
-0.0085 
-0.0081 

-0.0077 
-0.0073 
-0.0070 
-0.0067 
-0.0064 

-0.0061 

100 

0.9891 
0.9899 
0.9906 
0.9912 
0.9918 

0,9925 
0.9929 
0.9933 
0.9937 
0.9941 

0.9945 
0.9949 
0.9952 
0.9955 
0.9958 

0.9960 
0.9963 
0.9965 
0.9967 
0.9969 

0.9971 
0-9973 
0-9975 
0.9976 
0.9978 

0.9979 

200 

-0.0530 
-0-049C 
-0.0454 
-0.0422 
-0.0393 

-0.0366 
-0.0342 
-0.0321 
-0.0301 
-0.0283 

-0.0266 
-0.0251 
-0.0236 
-0.0223 
-0.0211 

-0.0200 
-0.0190 
-0.0180 
-0.0171 
-0.0162 

-0.0154 
-0 -0  147 
-0.0140 
-0.0134 
-0.0128 

-0.0122 

200 

0.9780 
0.9796 
0.9810 
0.9824 
0.9836 

0.9847 
0.9857 
0.9866 
0.9875 
0.9883 

0.9891 
0,9898 
0.9904 
0.9910 
0.9916 

0.9921 
0.9926 
0.9931 
0.9935 
0.9939 

0.9943 
0.9947 
0.9950 
0.9953 
0.9956 

0.9959 

Table 4 

Value of az 

Plenum pressure, psia 

300 

-0.0837 
-0.0770 
-0 -07 10 
-0.0657 
-0.061B 

-0.0567 
-0.0528 
-0.0493 
-0.0462 
-0,0433 

-0,0406 
-0.0382 
-0.0360 
-0.0339 
-0.0320 

-0.03 03 
-0.0287 
-0.0272 

-0.0245 

-0.0233 
-0.0221 
-0.0211 
-0.0201 
-0.0192 

-0.0183 

-0.025a 

400 500 

-0.1179 -0.1561 
-0.1078 -0.1417 
-0.0989 -0.1293 
-0.0911 -0.1184 
-0.0842 -0.1089 

-0.0780 -0.1005 
-0.0724 -0.0931 
-0.0675 -0.0864 
-0.0630 -0.0804 
-0.0589 -0.0750 

-0.0551 -0.0701 
-0.0518 -0.0656 
-0.0417 -0.0616 
-0.0458 -0.0579 
-0.0432 -0.0545 

-0.0408 -0.0514 
-0.0385 -0.0485 
-0.0365 -0.0458 
-0.0346 -0.0434 
-0,0328 -0.0411 

-0.0311 -0.0390 
-0.0296 -0.0370 
-0.0281 -0-0352 
-0.0268 -0.0334 
-0.0255 -0.0318 

-0.0243 -0.0303 

Table 5 

Value of b, __ - 
Plenum pressure, psi8 

300 

0.9667 
0.9692 
0.9714 
0.9734 
0.9753 

0.9770 
0.9785 
0.9800 
0.9813 
0.9826 

0.9837 
0.9848 
0.9857 
0.9867 
0.9875 

0.9883 
0.9891 
0.9898 
0.9904 
0.9910 

0.9916 
0.9922 
0.9927 
0.’9931 
0.9936 

0.9940 

400 

0.9552 
0.9515 
0.9616 
0.9644 
0.9669 

0.9693 
0.9714 
0.9734 
0.9752 
0.9768 

0.9784 
0.9798 
0.9811 
0.9824 
0.9835 

0.9846 
0.9856 
0.9865 
0.9874 
0.9882 

0.9890 
0.9897 
0.9904 
0.9911 
0.9917 

0.9922 

500 

0.9434 
0.9478 
0.9518 
0.9553 
0.9586 

0.9616 
0.9643 
0.9668 
0.9691 
0.9712 

0.9732 
0.9750 
0.9766 
0.9782 
0.9797 

0.9810 
0.9823 
0.9834 
0.9845 
0.9856 

0.9865 
0.9874 

0.9891 
0.9898 

0.9905 

0.9883 

600 

-0.1988 
-0.1790 
-0- 1622 
-0.1478 
-0.1353 

-0.1243 
-0.1147 
-0.1061 
-0.0984 
-0.0916 

-0.0854 
-0.0798 
-0.0748 
-0.0701 
-0.0659 

-0.0621 
-0.0585 
-0.0552 
-0.0522 
-0.0494 

-0.0468 
-0.0444 
-0.0422 
-0-0401 
-0.0381 

-0.0363 

600 

0.9315 
0.9370 
0.9419 
0.9463 
0.9503 

0.9539 
0.9573 
0.9603 
0.9631 
0.9657 

0.9681 
0.9702 
0.9723 
0.9741 
0.9759 

0.9775 
0.9790 
0.9804 
0.9817 
0.9830 

0.9841 
0.9852 
0.9862 
0.9872 
0 . 9 ~ 1  

0.9889 

700 

-0.2464 
-0.21 99 
-0.1978 
-0.1791 
-0.1631 

-0.1493 
-0.1371 
-0.1265 
-0.1170 
-0.1086 

-0.1010 
-0.0942 
-0.0881 
-0.0825 
-0.0774 

-0.0728 
-0.0685 
-0.0646 
-0.0610 
-0.0577 

-0.0546 
-0.0517 
-0.0491 
-0-0466 
-0.0443 

-0.0421 

700 

0.9195 
0.9261 
0.9320 
0.9373 
0.9420 

0.9464 
0.9503 
0.9539 
0.9572 
0.9603 

0.9631 
0.9656 
0.9680 
0.9702 
0.9723 

0.9741 
0.9759 
0.9776 
0,9791 
0.9805 

0.9819 
0.9831 
0.9843 
0.9854 
0.9865 

0.9874 

800 

-0.2991 
-0.2644 
-0.2360 
-0.2123 
-0.1923 

-0-1752 
-0- 1604 
-0.1474 
-0.1360 
-0.1259 

-0.1169 
-0.1088 
-0.1015 
-0.0949 
-0.0889 

-0.0835 
-0.0785 
-0.0739 
-0.0697 
-0.0658 

-0.0623 
-0.0589 
-0.0559 
-0.0530 
-0.0503 

-0.0479 

800 

0.9075 
0.9152 
0.9221 
0.9283 
0.9339 

0.9389 
0.9435 
0.9477 
0.9515 
0.9550 

0.9582 
0.9612 
0.9639 
0.9664 
0.9688 

0.9709 
0.9729 
0.9748 
0.9766 
0.9782 

0.9797 
0.9812 
0.9825 

0.9849 

0.9861 

0 . 9 ~ 3 8  

900 

-0.3564 
-0.3118 
-0.2762 
-0.2469 
-0.2225 

-0.2018 
-0.1841 
-0.1687 
-0.1552 
-0.1433 

-0.1327 
-0.1233 
-0.1149 
-0.1072 -0.1003 

-0.0941 
-0.0883 
-0.0831 
-0.0783 
-0.0739 

-0.0698 
-0.0660 
-0.0625 
-0.0593 
-0.0563 

-0-0535 

900 

0.8955 
0.9044 
0.9124 
0.9195 
0.9259 

0.9316 
0.9369 
0.9416 
0.9459 
0.9499 

0.9535 
0.9569 
0.9599 
0.9628 
0.9654 

0.9678 
0.9701 
0.9722 
0.9742 
0.9760 

0.9777 
0.9793 
0.9808 
0.9822 
0.9835 

0.9848 

1000 

-0-4162 
-0.3610 
-0.3175 
-0.2823 
-0.2532 

-0.2288 
-0.2079 
-0.1900 
-0.1743 -0.1606 

-0.1485 
-0.1377 
-0.128 1 
-0.1194 
-0.1116 

-0.1045 
-0.0980 
-0.0921 
-0.0167 
-0.0818 

-0.0772 
-0.0730 
-0.0654 -0.069 1 

-0.0621 

-0.0589 

1000 

0.8837 
0.8938 
0.9028 
0.9109 
0.9181 

0.9245 
0 -9304 
0.9357 
0.9406 
0.9450 

0.9490 
0.9527 
0.9562 
0.9593 
0.9622 

0.9649 
0.9674 
0.9698 
0.9719 
0-9740 

0.9758 
0 -9776 
0.9793 
0.9808 
0.9823 

0.9836 



T a b l e  6 

CRITICAL FII)W FACTOR, C*, FaR 

_. 
PLENUM PRESSURE. P S I A  PLEVUP 

TFVPERATURE 
OEG ,R 

450 
460 
470 
480 
490 

500 
510 
520 
530 
540 

550 
560 
570 
580 
590 

600 
610 
620 
630 
640 

650 
660 
6 70 
680 
690 

700 

PLENUM 
TEMPERATURE 

DE; R 

450 
460 
470 
480 
490 

500 
510 
520 
530 
540 

550 
5 60 
570 
580 
590 

6?0 
610 
620 
630 
640 

650 
663 
670 
640 
690 

700 

0 

0.6717 
0.6715 
0.6713 
U.6711 
0.6738 

0.6706 
0.6723 
0.6700 
0.6697 
0.6693 

0.6h90 
0.6686 
0.6682 
0.6679 
0.6675 

0.6671 
6.6666 
0.h662 
0.6658 
0.6653 

0.6649 
0.6645 
5.6640 
0.6635 
0.6631 

0.6676 

0 

1.0003 
1.0030 
1.0OdIJ 
1.ooco 
1sooJ3 

1.00: 3 
1.oSJo 
1.00ro 
1.3o;o 
1.3005 

1.3L.00 
1.30dJ 
1.0000 
1.0OOb 
1.70uo 

1.00so 
1 - 0 0  JO 
1.00;0 

1.00"9 

1.3020 
1.00drJ 
1.0030 
1.DJO0 
1.30rii 

l . O C 3 3  

i.ocon 

ion  

0.6793 
0.6784 
0.6778 
0.6771 
0.6765 

0.6760 
0.67>4 
0.6741) 
0.6742 
J.6736 

0.6730 
0.6725 
0.6719 
0.6713 
0.6707 

0.6701 
0.6695 
0.6690 
0.6684 
0.6678 

0.6672 
0.6667 
0.6661 
0.6555 
0.6650 

0.6644 

l b 0  

0.9780 
0.9795 
O.Yfl09 
0 . 9 8 ~ 1  
0.9833 

0.9345 
0.9055 
3.9864 
0.9873 
C .9882 

0 . 9 ~ ~  
b.9897 
C.9903 
9.9910 
0.9916 

5.9121 
0.9927 
0.9951 
0.9456 
0.99CO 

u.9945 
U.934R 
C.9352 
0 . 9 7 ~ 6  
b.975') 

u.7962 

200 

L.6867 
0.6856 
0.6846 
0.6836 
0.68261 

0.6816 
0.6837 
0.b798 
0 . t789  
0.6781 

0.6772 
0.6764 
0.6756 
U.6748 
0.6740 

G.6733 
0.6725 
0. 6718 
0.6710 
3.L7b3 

0.6696 
0.6689 
0.6682 
0.0675 
C.6669 

0.6662 

330 

0.6951 
0.6934 
0.6918 
0.6903 
0.6889 

0.6875 
0.6862 
0.6859 
C.683R 
0.6827 

0.6815 
0.6805 
0.6794 
0.6784 
0.6774 

0.6765 
0.6755 
0.6746 
0.6737 
0.6729 

0.6720 
0.6712 
0.6704 
0.6696 
0.6688 

0.6680 

40; 

0.7041 
0.7017 
0.6995 
0.6975 
0.6956 

0.6938 
0.6922 
0.6904 
0.6889 
0.6874 

0.6860 
0.6846 
0.6833 
0.6821 
0.6809 

0.6797 
0.6786 
0.6775 
0.61765 
0.6754 

0.6744 
0.6735 
0.6723 
0.6716 
0.6707 

0.6698 

500 

0.7137 
0.7106 
0.7077 
0.7351 
0.7026 

3.7003 
0.6981 
0.6961 
0.6941 
0.6923 

0.6906 
0.6889 
0.6874 
0.6859 
0.6844 

0.6830 
3.6817 
0.6804 
0.6792 
0.6780 

0.6769 
0.6758 
0.6747 
0.6736 
0.6726 

0.6717 

T a b l e  7 

COMPRESSIBILITY FAECOR, 2, FOR bETHANE 

PLEWUM PRESSURE. P S I A '  

253 

3.9556 
0.9588 
C.9616 
0.9643 
0.9667 

0.96Y? 
0.9711 
0.9730 
0.9748 
C.0765 

0.9780 
c.9795 
C.98C9 
0.9821 
0.9533 

C.9845 
0.YH55 
0.9865 

0.9883 

0.9891 
L.9H99 
0.Y936 
0.991 3 
L.9919 

O.Y'l25 

0 . 9 ~ 7 4  

303 

0.9331 
0.9379 
0.9423 
0.9464 
0.9501 

0.9536 
0.9567 
0.9597 
0.9624 
0.9653 

0.9673 
0.Y69h 
0.971h 
0.Y735 
0.9753 

0.9770 
0.9786 
0.9801 
4.9814 
0.Y827 

0.9840 
0.9851 
0.9862 
0.9872 
3.9882 

0.9HSl 

400 

0.9103 
0.9169 
0.9233 
0.9285 
0.9336 

0.9383 
0.9426 
0.9466 
0.9503 
0.9537 

0.9569 
0.959d 
5.9626 
0.9651 
0.9675 

0.9698 
0.9719 
0.9738 
0.9757 
0.9774 

0.979'2 
0.9805 
0.982L 
0.9833 
0.9846 

0.985f 

503 

0.8874 
0.8959 
0.9037 
3.9108 
0.9172 

0.9232 
0.9286 
3.9337 
0.9383 
0.9426 

0.9466 
0.9503 
0.9538 
0.9570 
0.9600 

0.9628 
0.9654 
0.9678 
0.9701 
0.9723 

3.9743 
0.9762 
0.9780 

0.9812 

0.9827 

n.9796 

60 0 

0.7242 
0.7202 
0.7165 
0.7131 
0.7100 

0.7071 
0.7044 

0.6996 
0.6974 

0.6953 
0.6933 
0.6915 
0.6897 
0.6880 

0.6864 
0.6849 
0.6834 
0.6820 
0.6806 

0.6793 
0.6781 
0.6769 
0.6757 
0.6746 

0.6735 

0.7019 

600 

0.8643 
0.8749 
0 .8844  
0.8931 
0.9010 

0.9083 
0.9149 
0.9210 
3.9266 
0.9318 

0.9366 
0.9411 
0.9452 
0.9491 
0.9527 

0.9560 
0.9591 
0.9621 
0.9648 
0.9674 

J.969R 
0.9720 
0.9742 
0.9762 
0.978') 

0.9798 

7 00 

0.7356 
0.7304 
0.7258 
0.7216 
0.7178 

0.7143 
C -7110 
0.70 80 
0.7052 
C.7026 

0.7002 
0 -6978 
0 -69 57 
G .6936 
0.69 17 

0.6898 
0.6881 
0 -6864 
0.6848 
0.6833 

0.6818 
0.6804 
0.6791 
0.6778 
0.6765 

0.6753 

700 

0.8412 
0 . 8 5  39 
0.8653 
0 .a757 
0.8850 

0.8936 
0.9014 
G.9086 
0.9152 
0.9213 

0.9269 
0.9321 
0.9370 
0.9415 
G -9456 

0.9495 
0.9532 
0 -9566 
0.9597 
0.9627 

0 -9655 
0.9681 
0.9706 
0.9729 
0.97 50 

0.9771 

EOC 

0.7479 
0.7415 
0.7358 
0.730' 
0.7269 

0.7218 
0.7173 
0.7143 
0.7110 
0.7L8C 

0.7C51 
0.7025 
0.7COO 
0.6976 
0.6954 

0.6933 
0.6913 
0.6894 
0.6876 
0.6859 

0.6e43 
0.6827 
0.6812 
0.6798 
0.6184 

0.6771 

eo0 

0.8182 
0.8331 
0 . 8 4 6 5  
0 .8585  
0.8694 

0.8793 
0.8883 
0.8565 
0.9G41 
0.9111 

0.9175 
0.9235 
0.9290 
0.9341 
0.9389 

0.9433 
0.9474 
0.9513 
0.954Y 
0.9583 

0.9t14 
0.9644 
0 .9 t72  
0.9698 
0.9722 

0.9745 

900 

0.7613 
0.7534 
0.7464 
0.7402 
0.7346 

C.7296 
0.7250 
C.7209 
0.7170 
0.7135 

0.7 102 
0.7072 
0 -7043 
0.7017 
0.6992 

0.6968 
0.6946 
C.6925 
0.6905 
0.6886 

C.6868 

0.6834 
0.6819 
0.6804 

0.6789 

0.6851 

900 

0.7955 
,2.8127 
0.8280 
0.8417 
0.8541 

0.8653 
0.8755 
0.8849 
0.8934 
0.9013 

0.9385 
C.9152 
0.9214 
C.9271 
0.9324 

0.9374 
0.9420 
0.9463 
0.9303 
0.9541 

5.9576 
G a9609 
0.9640 
0.9669 
0.9696 

C.9722 

1000 

3.7759 
3.7661 
0.7577 
0.7503 
0.7437 

0.7378 
0,7325 
0.7276 
0.7232 
0.7192 

0.7155 
0.7120 

0.7058 
0.7030 

0.7004 
0.6979 
0.6956 
0.6934 
0.6913 

0.6893 
0.6874 
0.6856 
0.6839 
0.6823 

0.6808 

0.7088 

1000 

0.7732 
0.7927 
0.8099 
0.8254 
0.8393 

0.8518 
0.8632 
0.8736 
0.8831 
0.8918 

0.8998 
0.9072 
0.9141 
0.9204 
0.9263 

0.9318 
0.9368 
0.9416 
0.9460 
0.9501 

0.9540 
0.9576 
0.9610 
0.9642 
0.9672 

0.9701 
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7 00 
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Z O  

0.0029 

.Q100 

0016 

- 0034 
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.0009 
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- .0008 

- .0011 

- .0019 
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- .0095 
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- .0020 
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This s u p e r s c r i p t  refers t o  va lues  determined from t a b l e s  3 and 5 .  

equat ion i n  r e f e r e n c e  11. 

a 

bThis s u p e r s c r i p t  r e f e r s  t o  va lues  ob ta ined  by us ing  t h e  state 
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Figure 1. - Critical flow factor for a natural gas. 
Composition by volume is: 0.9535 methane, 
0.0296 ethane, 0.0046 propane, 0.0007 2-methyl 
propane, O.OOO6 butane, 0. M)40 nitrogen, and 
0.0070 carbon dioxide. 
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Figure 2. - Critical flow factor for a natural gas. 
Composition by volume is: 0.8850 methane, 
0.0795 ethane, 0.0110 propane, 0.0007 2-methyl 
propane, 0.0017 butane, 0.0221 nitrogen, and 
0 carbon dioxide. 
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